All-electrical coherent control of the exciton states in a single quantum dot 
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We demonstrate high-fidelity reversible transfer of quantum information from the polarisation of 
photons into the spin-state of an electron-hole pair in a semiconductor quantum dot. Moreover, 
spins are electrically manipulated on a sub-nanosecond timescale, allowing us to coherently control 
their evolution. By varying the area of the electrical pulse, we demonstrate phase-shift and spin- flip 
gate operations with near-unity fidelities. Our system constitutes a controllable quantum interface 
between flying and stationary qubits, an enabling technology for quantum logic in the solid-state. 



Emerging quantum technologies such as quantum com- 
puting and quantum cryptography promise to revolu- 
tionise the way information is processed by control- 
ling quantum bits or "qubits" in two-level quantum 
systems 1 ' 2 . Photonic "flying" qubits are used for quan- 
tum communication 3 5 as they easily travel in space or 
through standard optical fibres while solid-state "station- 
ary" qubits are usually more convenient to perform quan- 
tum computations 6 9 . These two embodiments have thus 
far been developed independently, but coherent control 
of both types of qubits and coherent transfer of quantum 
information between them are necessary to extend the 
potential of quantum technologies 10 . 

Optical absorption of photons in a semiconductor to 
create an electron-hole pair (or exciton) provides a nat- 
ural mechanism to initialise a stationary qubit. Selec- 
tion rules determine the mapping of the photon polarisa- 
tion onto the spin-state of the exciton. Once initialised 
manipulation of solid-state spins has been achieved with 
pulsed magnetic fields at milli-kelvin temperatures 7 , co- 
herent optical beams 8 ' 9 or couplings to localised optical 
modes 11 . However, these techniques require bulky setups 
or synchronised lasers, making them somewhat imprac- 
tical and incompatible for large-scale applications. New 
methods to control these qubits that take full advantage 
of well-established semiconductor technology will be ad- 
vantageous when it comes to controlling large numbers 
of qubits. 

Here, we advocate using the spin- state of an exci- 
ton trapped in a self-assembled semiconductor quan- 
tum dot (QD) as an electrically-controllable qubit in 
which quantum information from flying qubits can be 
efficiently transferred and easily restored. An exciton 
has two optically-active spin eigenstates which couple 
to linearly polarised photons and are energetically sep- 
arated by a fine-structure splitting (s) resulting from the 
exchange interaction 12 ' 13 . We control the splitting and 
the orientation of the eigenstates via an applied vertical 
electric field 14 , which allows for sub-nanosecond electri- 
cal coherent spin manipulation. We demonstrate high- 
fidelity phase-shift and spin-flip operations using dynam- 
ical modulation of the electric field. 



The device used was similar in design to those of previ- 
ous experiments 15 and consists in &p — i — n heterostruc- 
ture grown by molecular beam epitaxy. A single layer 
of In As QDs with dot density <l/im -2 was grown at the 
center of the intrinsic region made of a lOnm GaAs quan- 
tum well clad with a short period superlattice equivalent 
to Alo.75Gao.25As on each side, which prevents tunneling 
of the carriers out of the dot region when the structure is 
biased. Doping extends into the superlattice and allows 
application of an electric field along the growth direction. 
The electric field F is calculated using F = ( V ~^ bi ), 
where V is the bias applied to the structure, Vfo=2.2V 
is the built-in potential and <i=140nm is the thickness 
of the intrinsic region. This p — i — n device is encased 
in a weak planar microcavity consisting of 14 (4) peri- 
ods below (above) the dot layer. We used standard pho- 
tolithography and wet etching techniques to fabricate a 
diode with an area of 35/imx60/im. Excitation and pho- 
ton collection occurs through an opaque metallic film on 
the sample surface patterned with micron-diameter aper- 
tures. The sample was cooled to ?^5K and excited quasi- 
resonantly using a mode-locked Ti: Sapphire laser. 

We start by characterising the physical properties of 
our QD used as a solid-state photonic interface. Fig. 
1(a) shows a schematic energy diagram of the QD. The 
exciton spin-state is initialised through quasi-resonant 
optical excitation and phonon relaxation. The phonon 
energy was measured to be ^34.6meV corresponding to 
the 1-LO phonon in bulk GaAs. The eigenstates \Xh) 
and I -XV), coupled to linearly polarised photons, are sep- 
arated by a tunable energy s. A vertical electric field 
reduces s, eventually causing an inversion in its sign. 
In Fig. 1(b), |s| is shown to vary linearly with gradi- 
ent ±0.26/ieVkV _1 cm. An anticrossing is measured at 
a field F =-155.4kVcm _1 where the splitting is reduced 
to its minimum value of so=OAfieV. This anticrossing 
originates from a field-dependent coupling between the 
eigenstates. 

This coupling also leads to mixing of the eigenstates 
polarisation character and thus rotation of their orienta- 
tion (Fig. 1(c)). We use the notation \Xh) and \Xy) to 
refer to the spin eigenstates away from the anticrossing, 
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FIG. 1. (colour online), (a) Schematic energy diagram of 
the QD used in our experiment where the polarisation of the 
laser is transferred into the exciton's spin-state through quasi- 
resonant excitation, (b) and (c) Evolution of \s\ and orienta- 
tion of the eigenstates relative to the lab-frame as a function 
of vertical electric field. Spectral and temporal measurements 
of \s\ are in good agreement, (d) High-visibility coherent os- 
cillations of the spin-state for three different values of \s\. 
The exciton was initialised in a maximum superposition of 
eigenstates and emission was time-resolved along the same 
orientation. 

where H and V are the horizontal and vertical orien- 
tations in the lab-frame defined by the polarisation of 
photons to which the eigenstates couple. As the field 
is swept across Fq, the polarisation of those photons ro- 
tates by 90 degrees. At the anticrossing, the eigenstates 
\Xd) and \Xa) couple to photons with diagonal (D) and 
anti-diagonal (A) polarisations in the lab-frame. 

Importantly, quasi-resonant optical excitation allows 
for initialisation of any superposition of spin-states by 
mapping the polarisation of an "input" excitation pho- 
ton into the spin-state of the exciton 16 ' 17 . Consider- 
ing an input photon of polarisation |^ n ) = cos# \H) + 
e w sin# |V), the idealised coherent time evolution of the 
exciton spin-state (away from the anticrossing) is given 
by 

|*x(*)> = costf \X H ) + sm0\X v ) . (1) 

The splitting s therefore introduces a phase difference 
between the eigenstates accumulated over time at a rate 
of st/h and leading to coherent oscillations of the spin- 
state 18 . Those oscillations can be observed by initialis- 
ing an exciton and measuring its radiative emission in 
superpositions of eigenstates, leading to an ideal signal 
of intensity I(t) oc cos (st/h) e~ l l Tr (Fig. 1(d)), where 
r r is the radiative lifetime measured to be 1.28ns±0.08ns 
for our QD. Fitting those oscillations allows for temporal 
measurements of \s\ that agree well with spectral mea- 
surements (Fig. 1(b)). 

We now characterise the use of an exciton as an in- 
terface between optical and solid-state qubits (Fig. 2). 
Measurements were performed at an electric field of - 
175kVcm _1 where \s\ ^5/ieV and where the eigenstates 
are oriented along H and V. Fig. 2(a) illustrates the 
operating principle where an input qubit \^i n ) is first 



encoded into the polarisation of a photon defined by the 
parameters and (p that are used as coordinates to rep- 
resent the optical qubit on the Poincare sphere. Quasi- 
resonant excitation of the QD then maps the polarisation 
of \^in) into the spin-state of the exciton qubit 
therefore defining a point with the same coordinates (0,(p) 
on the Bloch sphere of the solid-state qubit. The phase 
accumulation between the eigenstates rotates the qubit 
around the equator of the Bloch sphere. Eventually, the 
electron-hole pair in the QD recombines and emits a pho- 
ton of polarisation \Sfr out ) depending on the time spent in 
the solid-state \^fx(t))- 

The time evolution of \S&x(t)} is characterised in Fig. 
2(b), where the exciton was initialised in a diagonal su- 
perposition of eigenstates (corresponding to \Xd) on the 
Bloch sphere) and the emission was measured in linear 
{\H) , \V)}, diagonal {\D) , \A)} and circular {\R) , \L)} 
bases. According to Eq. (1) and Fig. 2(a), no oscil- 
lations are observed when measuring \^ ut) along the 
eigenstates while oscillations of angular frequency s/Haxe 
observed when measuring in diagonal and circular basis 
states, with a dephasing corresponding to the respective 
positions of those states on the equator. 

We measure the fidelity of the interface 
fin = \(^out\^in)\ 2 fc> r six different input qubits pre- 
pared in the linear, diagonal, and circular states (Fig. 
2(c)). Exciting an eigenstate leads to /^ n =0.95±0.03 
decaying with a timescale of 78ns±17ns, which is 
limited by spin scattering. Exciting a maximum su- 
perposition leads to an initial fidelity /i n =0.81±0.03 
which oscillates due to the finite value of s. The 
envelope of the time-resolved fidelity decays with a 
timescale of 3.0ns±0.4ns limited by cross-dephasing, 
which randomizes the phase relationship between the 
two superimposed eigenstates 18 ' 19 . Cross-dephasing is 
significantly longer than the radiative lifetime and the 
time needed to perform electrical manipulation of the 
qubit. The amplitude of the oscillation in the fidelity 
is thought to be reduced by the finite response time of 
the APD as well as the uncertainty in the time at which 
the superposition is created originating from the finite 
linewidth of the transition. 

Electrical coherent control of the phase accumulated 
by the qubit when initialised in a superposition of eigen- 
states can be demonstrated by dynamic modulation of 
\s\. We operate at values \s\ >5jaeV so that the orienta- 
tion of the eigenstates does not change significantly with 
electric field. The time evolution is then given by 

|*xW) = cos# \X H ) + e^-^^e^ sinO \X V ) , (2) 

where s(r) is modulated by an electrical pulse induc- 
ing faster phase accumulation during the gate operation 
(Fig. 3(a)). By applying a pulse of constant width but 
different amplitudes, we show that the phase-shift is pro- 
portional to the gate amplitude (Fig. 3(b)). Some de- 
viation from linear behaviour arises from ringing in the 
electrical signal due to limited speed of our device and 
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FIG. 2. (colour online), (a) Operating principle of our solid- 
state photonic interface. An optical qubit \^i n ) is first en- 
coded in the polarisation of a photon. Quantum information 
is then coherently transferred from \^i n ) into the spin-state 
\^x(t)) of the exciton which rotates around the equatorial 
plan of the Bloch sphere at an angular velocity \s\/h. Fi- 
nally, the electron-hole pair recombines and emits a photon of 
polarisation \^ ou t) depending on the time spent in the solid- 
state, (b) Complete characterisation of the time evolution 
of \^x(t)} prepared in the \Xd) spin-state by time-resolved 
measurements in linear, diagonal, and circular bases. Each 
signal has been normalised by the sum of the two measure- 
ments in the corresponding basis (vertical scale from to 1). 
The symbols refer to measurements along different polarisa- 
tions, (c) Fidelity fi n =\ (&out\^in) | 2 of the interface. The 
symbols refer to different input qubits. 



limited bandwidth of the pulse generator. Phase-shifts 
were fitted from time-resolved measurements shown in 
Fig. 3(c) where the exciton was initialised in a diago- 
nal superposition \Xd) and emission was measured both 
along the diagonal and anti-diagonal polarisations. A 
500ps gaussian electrical pulse was applied 250ps after 
the laser initialises the qubit. The intensity falls dur- 
ing the gate operation as emission is Stark-shifted out of 
the detection window. Fig. 3(d) and 3(e) show mea- 
surements in the diagonal basis after initialisation in 
\Xr>), respectively without gate and with a 7r phase- 
shift gate applied, the latter corresponding to a modula- 
tion of \s\ from a minimum of ~5//eV to a maximum of 
^10/ieV, estimated from the Stark shift resulting from 
the electrical pulse. The fidelity f G of a gate opera- 
tion is given by 23 f G = | (* G |C/j|*in) | 2 //in, where ^ G 
is the state of the photon emitted by the exciton after 
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FIG. 3. (colour online), (a) The electrical gate modulates \s\ 
and induces a faster phase accumulation between the spin 
eigenstates. The gated time-evolution (bottom) is conse- 
quently dephased compared to the ungated operation (top), 
(b) Phase-shift as a function of gate amplitude, (c) Nor- 
malised (colour scale from to 1) time-resolved data for an 
exciton initialised in a diagonal superposition \Xd) and mea- 
surements in the diagonal basis, (d) and (e) Radiative emis- 
sion from the QD initialised in \Xd) respectively without gate 
and with a tt phase-shift gate, (f) Fidelity of the 7r-shift gate 
operation as a function of time. 



the gate operation and Uj is the ideal gate transforma- 
tion matrix. Normalisation to fi n is used to evaluate 
the fidelity of the gate independently of the initialisa- 
tion of the spin-state discussed previously. To take de- 
phasing into account, the definition can be extended to 24 
Sg = Tr \pgUjPxU}] /Tr [p 2 x ] , where p G = \9 G ) (9 G \ is 
the density matrix of the photon emitted by the exciton 
after the gate operation, px = \^x) (®x\ is the density 
matrix of the exciton state with no gate applied, and Tr 
represents the trace. Fidelity as a function of time for 
the phase-shift gate is shown in Fig. 3(f). Irregularities 
in the evolution of the fidelity just after the gate are due 
to ringing in the electrical signal. Away from the gate, 
the fidelity fluctuates between 0.9 and 1. 

More complex operations are achieved by operating at 
small values of \s\ where the orientation of the eigenstates 
are strongly sensitive to the electric field (Fig. 1(c)). This 
ability to change not only the energetic splitting of the 
two levels but also to dynamically vary the eigenstates 
allows complete control of the qubit: any input state can 
be mapped onto any output state. To demonstrate this 
we now describe a "spin flip" between the two eigen- 
states, the operating principle of which is shown in Fig. 
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FIG. 4. (colour online), (a) Operating principle of the spin- 
flip gate. The exciton is initialised at minimum splitting in 
its eigenstate \Xd)- Modulating the electric field changes the 
value of \s\ and rotates the eigenstates by 45 degrees resulting 
in a superposition \Xd)- A tt phase-shift is accumulated dur- 
ing the gate operation leading to a superposition \Xa)- Re- 
turning to the initial value of the electric field induces another 
45 degrees rotation of the eigenstates resulting in a spin flip, 
(b) and (c) Radiative emission from the QD respectively with- 
out gate and with the spin-flip gate. The trace with empty 
(plain) circles is obtained when exciting and measuring along 
the same (opposite) eigenstates. (d) Fidelity of the spin- flip 
gate as a function of time. 



4(a). The exciton is initialised in the eigenstate |Xd) at 
minimum splitting \s\=0AfieV and is represented by a 
point at the north pole of the Bloch sphere with the axis 
labelled D. An electrical pulse similar to that used to 
obtain the tt phase-shift is applied to the structure and 
rotates the eigenstates by 45 degrees without changing 
the orientation of the spin-state. As a consequence, the 
exciton is now in a superposition \Xd) represented at the 
equator of the Bloch sphere and still oriented diagonally 
in the lab-frame. A tt phase is then accumulated during 
the gate operation leading to the superposition \Xa)- Af- 
ter the pulse, the eigenstates rotate back to their initial 
pre-pulse orientation with the exciton being now in its 
eigenstate \Xa), corresponding to a spin flip from \Xr>)- 
Fig. 4(b) and 4(c) show emission from both eigenstates 



(oriented along D and A), after exciting \Xjj). The po- 
larisation of the emission after the gate is reversed, cor- 
responding to a spin-flip in the solid-state. Fig. 4(d) 
shows the fidelity as a function of time obtained for the 
spin- flip operation shown in Fig. 4(c). The fidelity is 
0.97 after the gate and then fluctuates due to ringing in 
the electrical signal. 

In conclusion, we demonstrated that an exciton in a 
QD is a high-fidelity solid-state photonic interface, on 
which arbitrary phase-shifts and spin-flips can be per- 
formed electrically. Quantum information encoded in the 
polarisation of a photon was transfered into and restored 
from the spin-state of the exciton. Coherent manipula- 
tion of the spin qubits was achieved through dynamical 
modulation of a vertical electric field and high-fidelity 
phase-shift and spin-flip gate operations were demon- 
strated. Using small gate areas and on-chip electronics 
will reduce ringing in the electrical signals and improve 
the gate fidelities. It will also allow operation times be- 
low 10ps 20 , so that more than 300 operations can be per- 
formed within the coherence time. Furthermore, reduc- 
ing the local optical density of states with cavity QED 21 
or using quantum dot molecules to separate the electron- 
hole pair and prevent recombination 22 would increase the 
exciton' s lifetime by orders of magnitude and allow for 
triggered emission. Extending our scheme to two qubits 
could be achieved in the near term through the creation 
of biexcitons 24 . Further increase in the number of qubits 
would be achievable using site-positioned dots with low 
fine- structure splitting in devices with local gates, which 
is technologically feasible 25 . 
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